Phonon transport in atomic wire coupled by two semi-infinite thermal contacts is investigated by atomic nonequilibrium Green's functions. The effect on phonon transport due to anharmonicity in atomic wire and surface bond reconstruction of thermal contact is analyzed. It is found that surface bond reconstruction affects phonon transport significantly in the presence of anharmonicity.
I. INTRODUCTION
The importance of developing nanostructures' theory has grown by the trend of making smaller devices. Investigation of phonon transport in nanoscale atomic system is recognized as a significant topic in nanodevice development. Many research works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been done to characterize phonon transport properties via different methods. Green's function method based on quantum mechanical theory is a very effective computational tool. It could capture important features of phonon transport, such as phonon density of state, transmission probability, thermal conductance, etc.
In nanoscale phonon transport, contact interface always plays an important role. This is because phonons are undergoing reflections when they go through the contact interface. We focused on the effect of contact interface. In our previous study, 14 a pyramidal contact interfaces have been added between the atomic wire and thermal contact in our model system. By varying the size of the contact interface, it was found that the thermal conductance decreases when the contact interface gets longer. This is caused by strong phonon scattering at the contact interface.
On the other hand, surface bond reconstruction ͑SBR͒ of thermal contact affects phonon transport in nanoscale system significantly. The reason is that around the surface of thermal contact ͑normally the first few layers͒, bond strengths and interatomic distances are substantially different from the bulk case that lead to significant change of interatomic force at the surface of thermal contact. Due to this change, surface phonon density of states is significantly modified causing dramatic change in thermal conductance. The effect of SBR is analyzed in details in our previous paper. 15, 16 One more important factor that affects phonon transport is the nonlinear interaction between atoms. Although there are lots of studies on phonon transport, most of them considered ballistic phonon transport that leads to serious inaccuracy in phonon transport properties characterization and thermal conductance calculation. Nonlinear effect causes phonon scattering during the ballistic transport of phonons and hence affects thermal conductance in atomic wire systems. In this paper, we investigate phonon transport properties in Si atomic wire, in the presence of nonlinear interaction and SBR of thermal contact surfaces. Computation is carried out by using nonequilibrium Green's function method ͑which is discussed in Sec. II͒. By analyzing the numerical results, interesting conclusions related to phonon transport in the presence of nonlinear interaction and SBR are drawn.
II. THEORY
In the system ͑Fig. 1͒, two semi-infinite thermal contacts made of Si are fixed at different temperatures, and the sura͒ Author to whom correspondence should be addressed. Electronic mail: e070091@ntu.edu.sg. faces of the thermal contacts are set to be the ͑0,0,1͒ plane of Si, which has fcc structure with two Si atoms as a basis. An atomic wire D made of Si atoms is coupled by bonds to the thermal contacts. Usually, temperature gradient exists in the contacts around the regions, which are coupled to the atomic wire by bonds. This is due to phonon tunneling between the contact and the wire. The region with temperature gradient in the left ͑right͒ thermal contact is named LD ͑RD͒. LD ͑RD͒ together with the atomic wire D are treated as a whole wire W being coupled to the remaining parts of thermal contacts, which are assumed to be in thermal equilibrium at fixed temperature. 11 In our discussion, LD and RD are set to be a unit cube of Si ͓Fig. 1͑b͔͒.
To investigate phonon transport in the system by nonequilibrium Green's function method, we need to know about the dynamic matrix. Both the two-body and three-body interactions contribute to dynamic matrix. Harmonic approximation of Lennard-Jones potential is used for the two body interaction,
where ␦d is the change in the interatomic distance. SBR is considered for the first three atomic layers in the thermal contact. According to the SBR model by Sun et al., 18 the averaged bond contraction coefficient between atomic layer i and the layer i + 1 is given by
where d 0 and z 0 are bond length and atomic coordination number in the bulk Si, d i is the bond length between layer i and layer i + 1, and z i is real atomic coordination number. Furthermore, the modified bond energy i ͑due to bond contraction͒ between the layer i and layer i + 1 is given by i = 0 ϫ ͑d i / d 0 ͒ −m , where 0 denotes the bond energy in the bulk. Sun 19 proposed that for Si, z 1 =4, z 2 =6, z 0 = 12, and m = 4.88. The harmonic approximation of Lennard-Jones potential between an atom in layer i and an atom in layer i +1͑i =1,2͒ is given by
For three body interaction, the potential due to the bond angle deformation 17 ␦ is given by
where C is elastic force constant for bond angle deformation. Based on the dynamic matrix, decimation method is used to determine the retarded Green's function g LD ͓͑͒g RD ͔͑͒ for LD ͑RD͒ region in the isolated semiinfinite thermal contact. Self energy ⌺ LD R ͑͒ due to the coupling between LD and the remaining part of the left thermal contact can be determined by the equation
where D LD is the dynamical matrix for region LD and M is the mass of silicon atom. Similar equation is applied for RD. Back to the whole wire W, its dynamic matrix D is expressed as follows: 
where ⌺ M͑3͒ R ͑͒ is the self-energy due to the lowest order nonlinear interaction. ⌺ M͑3͒ R ͑͒ is determined by Eqs. ͑7͒-͑11͒:
͑11͒
In the above expression, ⌺ LD,RD Ͻ ͓͑͒⌺ LD,RD Ͼ ͔͑͒ are the well known lesser ͑greater͒ self-energies due to coupling between the wire W and the contacts. Here, a self-consistent calculation is required in order to determine ⌺ M͑3͒ R , ⌺ M͑3͒ ϾϽ , G W R , and
The heat current I due to phonon transport is given by the general formula,
͑12͒
For the purpose of analyzing the effect of nonlinear interaction on phonon transport, we express the thermal conductance in the following way:
͔͑͒ is known as transmission function of ballistic phonon transport. In Eq. ͑15͒, T L and T R are the temperatures of the left and right thermal contact, respectively. 1 is considered as the ballistic conductance and 2 is interpreted as the correction to 1 in the presence of anharmonicity.
III. RESULTS
Important information on phonon transport in an atomic wire can be obtained from the transmission function and thermal conductance. We have carried out numerical computations for the transmission function and thermal conductance of a Si atomic wire in order to analyze the effect of SBR on the phonon transport properties in the presence of nonlinear interaction. Without loss of generality, we considered an atomic wire, which consists of two Si atoms. Due to the fact that the left ͑right͒ end atom of the wire is coupled to the left ͑right͒ Si contact by several bonds while there is only one single bond between the left and right end atoms, the bond strength of the left and right coupling bond to the contacts should be much stronger than the strength of the bond between the two atoms ͑central bond͒ of the wire. This can be effectively modeled by three coupling force constants t l , t r , and t m , with t l and t r being much greater than t m , where t l ͑t r ͒ is the coupling force constant between the left ͑right͒ end atom of the wire and an atom on the left ͑right͒ contact surface, and t m is the coupling force constant between the two atoms of the wire. Furthermore, due to the much stronger left and right coupling bond strengths compared to the central bond, the fluctuations of the left and right coupling bond lengths should be much smaller compared to that of the central bond length. Therefore, it is physically more meaningful to have an anharmonic central bond and treat the surface-atomic-wire bond as harmonic. 11 We assume that the atoms in the wire only oscillate in the direction along the wire, for convenience of calculation. We will restrict our discussion to the lowest order of anharmonicity: Vٞ. For Lennard-Jones potential V, we have Vٞ = ͑8.94/ Å͒ ϫ VЉ, 11 where VЉ is set equal to the central bond strength t m of the atomic wire. We used t l = t r = 3.16 eV/ Å 2 and t m = 0.316 eV/ Å 2 . 11 The bulk Si single bond strength 0 , the bulk Si bond length d 0 , and the elastic force constant for the bond angle deformation C ͓Eq. ͑3͔͒ are set equal to 0.682 eV, 2.35 Å, and 1.07 eV, respectively.
11,17 Figure 2͑a͒ shows the temperature dependence of the relative change in thermal conductance due to the presence of anharmonicity, for both cases of SBR and of no SBR. We see from the figure the roughly linear relationship between the relative change in and the temperature. This is similar to the result of Mingo, 11 which corresponds to the case that SBR is absent and regions LD and RD are assumed to be in thermal equilibrium. We also see that the slope of the line as well as the magnitude of the relative change in are increased by the presence of SBR. Figures 2͑b͒ and 2͑c͒ tell us that the thermal conductance of the atomic wire is generally decreased by the presence of anharmonicity, whether or not SBR exists. This is quite expected as nonlinear interaction usually causes scatterings of phonon waves leading to smaller thermal conductance. Furthermore, Fig. 2͑c͒ indicates that in the presence of nonlinear interaction SBR increases the conductance for lower temperatures, but it decreases the conductance when the temperature is high enough.
We can understand Fig. 2͑c͒ in the following way. Our previous study 15 shows that the presence of SBR produces higher frequency peaks in the transmission function due to the strengthened bond strength among the first three atomic layers near the contact surface. The strengthened bond strength near the contact surface raises the frequency for the incident phonons propagating in the normal direction ͑that is, in the direction perpendicular to the contact surface͒. This important fact is demonstrated in Fig. 3 ͑from Fig. 3 the generated transmission peaks are in the range 20 THzϽ Ͻ 60 THz͒. On the other hand it is plausible to assume that phonons are scattered weakly ͑strongly͒ by nonlinear interaction at sufficiently low ͑high͒ temperatures. The reason behind this assumption is that the amplitudes of the atomic oscillations with frequency are proportional to 1 / ͑e ប/kT −1͒. Hence for low temperature T the oscillation amplitudes are small leading to weak nonlinear interaction and hence weak phonon scattering. Also for high T the oscillation amplitudes are large that lead to strong nonlinear interaction and hence strong phonon scattering. From the two points mentioned above, we see that at low T the transmission peaks generated by SBR are only weakly decreased by the nonlinear interaction, hence thermal conductance is increased by the presence of SBR. However, at sufficient high temperatures, the transmission peaks generated by SBR are significantly weakened by nonlinear interaction, so thermal conductance is decreased by the presence of SBR. Actually, Fig.  3 also demonstrates the correctness of the assumption that nonlinear interaction scatters weakly ͑strongly͒ the phonons at sufficiently low ͑high͒ temperatures. From Figs. 3͑a͒ and 3͑b͒, we see that at sufficiently low temperatures such as T = 100 K ͑dominant frequency range is 0 Ͻ Ͻ 30 THz͒ the decrease in the generated transmission peaks by SBR due to phonon scatterings by nonlinear interaction is small. On the other hand, Figs. 3͑c͒ and 3͑d͒ indicate that at sufficiently high temperature such as T = 400 K ͑dominant frequency range is 0 Ͻ Ͻ 60 THz͒ there is a significant decrease for the generated transmission peaks due to phonon scatterings by nonlinear interaction. In Figs. 2͑d͒ and 2͑e͒ , we plot the conductances 1 and 2 against temperature, respectively. As is introduced above, 1 is given by 1 =1/ 2͐ 0 ϱ d ϫប ϫ ͑͒ ϫ ‫ץ‬f / ‫ץ‬T, where ͑͒ is given by the Caroli formula ͑͒ = Tr͑⌫ L G W R ⌫ R G W A ͒. Our interpretation of 1 and 2 is given in the following. In the presence of anharmonicity, the thermal conduction in the atomic wire is approximated as a ballistic transport of phonons, with the inclusion of the self-energy ⌺ M͑3͒ R ͑͒ ͑due to nonlinear interaction͒ into the retarded Green's function G W R of the wire. Also 1 is the corresponding conductance and 2 is considered as a correction to 1 in the presence of anharmonicity, which causes scatterings of phonon waves. From Fig. 2͑d͒ the ballistic conductance 1 approaches a saturation value at high temperature, as expected. Figure 2͑e͒ tells us that the conductance correction 2 is small at sufficiently low temperatures and it is very significant at sufficiently high temperatures. This once again demonstrates that nonlinear interaction scatter weakly ͑strongly͒ the phonon waves at sufficiently low ͑high͒ temperature. Finally, we would like to remark that at low temperature region ͑below 50 K͒, the anharmonic effect is negligibly small as shown in Fig. 2 . Hence ballistic phonon transport is a very good approximation. The low temperature phonon conductance depends on T 3 . This is a consequence of the linear frequency dependence of the surface phonon density of states at the thermal contact surface. 11 The discussions above show the importance of SBR of contact surfaces on phonon transport in atomic wires. In fact, we see from Fig. 2͑c͒ that the change of due to SBR in the presence of nonlinear interaction is significant: around 15% for 100 K Ͻ T Ͻ 200 K. Also, from Fig. 2͑b͒ , in the absence of nonlinear interaction, the change of due to SBR is also very significant: greater than 20% for 100 K Ͻ T. All our results show that SBR has significant effect on phonon transport in atomic wires.
IV. CONCLUSION
Using a simplified model for SBR for Si thermal contacts, we obtain important results that provide us physical insight into the effect of SBR of Si contact surfaces on phonon transport in atomic wire. SBR causes a significant change of thermal conductance, whether or not anharmonicity exists in the atomic wires. The relative change in conductance due to nonlinear interaction is roughly linearly proportional to the temperature, whether or not SBR exists. Also, SBR increases ͑decreases͒ the conductance at sufficiently low ͑high͒ temperatures, in the presence of anharmonicity. Furthermore, we conclude that SBR produces transmission peaks at higher frequencies that would be significantly reduced by nonlinear interaction when the temperature is sufficiently high. 
